Vaccination with the 13-valent pneumococcal conjugate vaccine (PCV13) followed ≥ 1 year by the 23-valent pneumococcal polysaccharide vaccine (PPSV23) is recommended for immunocompetent adults ≥ 65 years of age in the United States. This study assessed antipneumococcal opsonophagocytic activity (OPA) geometric mean titers (GMTs) to PCV13 in PPSV23-naive and PPSV23-preimmunized adults 1 year after a second vaccine dose. Two parent studies were conducted previously: (1) PPSV23 vaccine-naive subjects (60-64 years of age at enrollment) received PCV13 followed by PCV13 or PPSV23 1 year later or PPSV23 followed by PCV13 1 year later; and (2) subjects (≥ 70 years of age at enrollment) vaccinated with PPSV23 ≥ 5 years before study entry received PCV13 or PPSV23 followed by PCV13 1 year later. Overall, 962 subjects (PPSV23-naive, n = 519; PPSV23-preimmunized, n = 443) who received both vaccinations in the parent studies were enrolled. Numerically higher OPA GMTs persisted for at least 1 year after administration of PCV13 as the initial vaccine (PCV13/PPSV23 or PCV13/PCV13) compared with those who received PPSV23 either 1 or 5 years prior (PPSV23/PCV13). This impairment in antibody responses to subsequent PCV13 vaccination produced by initial PPSV23 vaccination persisted for at least 1 year. OPA GMTs were numerically higher for most serotypes 1 year after 2 doses of PCV13 compared with 1 year after the first PCV13 dose. These data suggest PCV13 should be given first if both vaccines are to be administered, higher immune responses were achieved when PCV13 was given first and persisted at least 1 year (ClinicalTrials.gov Identifier: NCT01025336).
Introduction
The incidence of pneumococcal disease in adults is highest in the elderly, [1] [2] [3] [4] with mortality from infection positively correlated with age. 5, 6 In addition, older adults often have underlying conditions that increase their susceptibility to pneumococcal disease 7 and contribute to increased morbidity and mortality. 8 Two vaccines to prevent pneumococcal disease are currently approved in the United States for use in older adults: the 23-valent pneumococcal polysaccharide vaccine (PPSV23) and the 13-valent pneumococcal conjugate vaccine (PCV13). 9 The Centers for Disease Control and Prevention Advisory Committee on Immunization Practices (ACIP) recommends vaccination of immunocompetent adults ≥ 65 years of age who have not previously received a pneumococcal vaccine be vaccinated first with PCV13 followed by PPSV23 6 to 12 months later. 9 ACIP also recommends that adults ≥ 65 years of age who have already received a dose of PPSV23 receive a dose of PCV13 ≥ 1 year later.
Two earlier studies evaluated the sequential use of PCV13 and PPSV23 as part of the clinical development plan for PCV13 in adults. 10, 11 Study 1 was conducted in adults 60 to 64 years of age who had not received prior PPSV23 (PPSV23-naive). 10 Study 2 was conducted in adults 70 years and older who had received PPSV23 at least 5 years before enrollment (preimmunized). 11 In both studies, the 2 pneumococcal vaccines were administered in different sequential order with 1 year between doses. Immunogenicity assessed by opsonophagocytic activity (OPA) approximately 1 year after the second vaccine dose for both studies are reported herein; antibody persistence was assessed when vaccines were administered in different sequential order.
Results

Baseline characteristics and disposition of subjects
A total of 964 subjects from the parent studies participated in this study; 962 were enrolled (n = 519, study 1; n = 443, study 2) and included in the all-available immunogenicity population (Supplementary Figure 2) . Two subjects were withdrawn because of a protocol violation. Aside from age, demographic characteristics were similar for all groups (Table 1) . Mean age at 1 year after vaccination 2 was similar among groups within each study.
Immune responses
OPA antibody levels 1 year after vaccination 2 The primary objective was to describe OPA antibody responses descriptively 1 year after vaccination 2 ( Table 2) . For subjects naive to PPSV23 (study 1), OPA GMTs 1 year after vaccination 2 for PCV13/PCV13 were similar or numerically higher than those for PCV13/PPSV23 for 3 of the 12 common serotypes and serotype 6A (contained in PCV13 but not PPSV23). OPA GMTs 1 year after PCV13/PPSV23 were numerically higher than those after PCV13/PCV13 for 9 of 12 common serotypes. OPA GMTs 1 year after vaccination 2 for PPSV23/PCV13 were lower than those for PCV13/PCV13 and PCV13/PPSV23 for all serotypes except for serotypes 5 and 14, for which OPA GMTs were numerically higher for PPSV23/PCV13 than PCV13/PCV13 (Table 2) .
For subjects preimmunized with PPSV23 (study 2), OPA GMTs 1 year after vaccination 2 for PCV13/PCV13 were Table 2 . OPA GMTs among the 3 vaccine sequences 1 year after the second vaccination. GMTs are calculated using all subjects with available data for the specific blood draw. b CIs for the ratio are back transformations of a CI based on the Student t distribution for the mean logarithm of the titers. c n = Number of subjects with a valid and determinate OPA antibody titer for the specified serotype. numerically higher than those for PPSV23/PCV13 for 11 of the 12 common serotypes and serotype 6A (unique serotype in PCV13) ( Table 2 ). For subjects in both parent studies, OPA GMTs 1 year after the second vaccination were numerically higher for the majority of serotypes when PCV13 was given first before a subsequent vaccination with PCV13 or PPSV23 compared with when PPSV23 was given first ( Table 2) .
Comparison of OPA GMTs 1 year after vaccination 2 among the 3 vaccine sequences in PPSV23-naive adults PCV13/PPSV23 compared with PPSV23/PCV13. The OPA GMT ratio was > 1 for all serotypes, indicating numerically higher GMTs in the PCV13/PPSV23 group than the PPSV23/ PCV13 group. OPA GMTs 1 year after vaccination 2 for PCV13/PPSV23 were statistically significantly higher than those for PPSV23/PCV13 for 10 of the 12 common serotypes and serotype 6A (Table 3 ).
PCV13/PCV13 compared with PPSV23/PCV13. The OPA GMT ratio was ≥ 1 for 11 of the 12 common serotypes and serotype 6A, indicating similar or numerically higher GMTs in the PCV13/PCV13 group than in the PPSV23/PCV13
group. OPA GMTs 1 year after vaccination 2 for PCV13/ PCV13 were statistically significantly higher than those for PPSV23/PCV13 for 5 of the common serotypes and serotype 6A (Table 3) .
PCV13/PCV13 compared with PCV13/PPSV23. The OPA GMT ratio was ≥ 1 for 4 of the 12 common serotypes and serotype 6A, indicating similar or higher GMTs in the PCV13/PCV13 group than in the PCV13/PPSV23 group. OPA GMTs 1 year after vaccination 2 for the PCV13/ PCV13 group were statistically significantly higher than those for the PCV13/PPSV23 group for serotype 23F and statistically significantly lower for 4 serotypes ( Table 3) .
Comparison of OPA GMTs 1 year after vaccination 2 among the 2 vaccine sequences in PPSV23-preimmunized adults The OPA GMT ratio was > 1 for all serotypes except serotype 14, indicating numerically higher GMTs in the PCV13/PCV13 group than in the PPSV23/PCV13 group. OPA GMTs 1 year after vaccination 2 for the PCV13/PCV13 group were statistically significantly higher than those for the PPSV23/PCV13 group for 5 of the 12 common serotypes and for serotype 6A (Table 3) . Abbreviations: GMT = geometric mean titer; OPA = opsonophagocytic activity; PCV13 = 13-valent pneumococcal conjugate vaccine; PPSV23 = 23-valent pneumococcal polysaccharide vaccine. Note: only subjects enrolled in the current study are used. a Ratio of GMT is calculated by back transforming the mean difference between vaccine sequences on the logarithmic scale. b CIs for the ratio are back transformations of a CI based on the Student t distribution for the mean difference of the logarithms of the measures. c n = Number of subjects with a determinate OPA antibody titer to the given serotype.
Comparison of OPA GMTs 1 year after vaccination 2 with 1 year after vaccination 1 in PPSV23-naive adults PCV13/PPSV23 compared with initial PPSV23. The OPA GMT ratio was ≥ 1 for all serotypes, indicating that OPA GMTs 1 year after vaccination 2 for PCV13/PPSV23 were similar or numerically higher than those at 1 year after the first dose of PPSV23. OPA GMTs for 9 of the 13 serotypes were statistically significantly higher at 1 year after vaccination 2 for PCV13/PPSV23 than 1 year after the first dose of PPSV23 (Table 4) .
PCV13/PCV13 compared with initial PCV13. The OPA GMT ratio was ≥ 1 for 10 of 13 serotypes, indicating OPA GMTs were similar or numerically higher 1 year after PCV13/ PCV13 than 1 year after the first dose of PCV13. OPA GMTs were statistically significantly higher for 6 serotypes and statistically significantly lower for 3 serotypes at 1 year after vaccination for PCV13/PCV13 than at 1 year after the first dose of PCV13 (Table 4) .
PPSV23/PCV13 compared with initial PCV13. The OPA GMT ratio was < 1 for 9 of the 13 serotypes, indicating OPA GMTs were numerically lower at 1 year after vaccination 2 for PPSV23/PCV13 than at 1 year after the first dose of PCV13. PPSV23 followed by PCV13 elicited a significantly higher response for 1 serotype and statistically significantly lower responses for 4 serotypes than PCV13 (Table 4) .
Comparison of OPA GMTs 1 year after vaccination 2 with 1 year after vaccination 1 in PPSV23-preimmunized adults PCV13/PCV13 compared with initial PCV13. The OPA GMFR was > 1 for 12 of the 13 serotypes, indicating OPA GMTs were numerically higher at 1 year after vaccination 2 for PCV13/PCV13 than at 1 year after the first dose of PCV13. OPA GMTs for 12 serotypes (except serotype 6A) were statistically significantly higher at 1 year after vaccination 2 for PCV13/PCV13 than at 1 year after the first dose of PCV13 (Table 5) .
PPSV23/PCV13 compared with initial PCV13. The OPA GMT ratio was ≥ 1 for 9 of 13 serotypes, indicating that OPA GMTs were similar or numerically higher at 1 year after vaccination 2 for PPSV23/PCV13 than at 1 year after the first dose of PCV13. OPA GMTs were statistically significantly higher for 3 serotypes and statistically significantly lower for 2 serotypes at 1 year after vaccination 2 for PPSV23/PCV13 than at 1 year after the first dose of PCV13 (Table 5) . GMTs are calculated using all subjects with available data for the specific blood draw. b Ratio of GMT is calculated by back transforming the mean difference between vaccine sequence/group on the logarithmic scale. c CIs are back transformations of a CI based on the Student t distribution for the mean logarithm of the titers. CIs are back transformations of a CI based on the Student t distribution for the mean difference of the logarithms of the measures. e n = Number of subjects with a valid and determinate OPA antibody titer to the given serotype.
Comparison of OPA GMTs 1 year after vaccination 2 with OPA GMTs measured at each time point in the parent studies OPA GMTs 1 year after vaccination 2 versus 1 month after vaccination 2. Except for serotypes 7F and 9V for the PPSV23/PCV13 group in study 1 and for serotype 14 for the PCV13/PCV13 and PPSV23/PCV13 groups in study 2, all GMFRs were < 1, indicating numerically lower OPA GMTs at 1 year after vaccination 2 compared with those at 1 month after vaccination 2. This is expected due to decline in antibodies over time. GMFRs were similar for all serotypes across the PCV13/PCV13 and PPSV23/PCV13 groups in both studies ( Figure 1 10,11
; Supplementary Tables 1-2) OPA GMTs 1 year after vaccination 2 versus before vaccination 2. For most serotypes across the PCV13/PCV13 and PPSV23/PCV13 groups from both studies, GMFRs were ≥ 1, indicating that OPA GMTs at 1 year after vaccination 2 were similar or numerically higher than those before vaccination 2 (1 year after vaccination 1) (Figure 1; Supplementary Tables 3-4) .
OPA GMTs 1 year after vaccination 2 versus 1 month after vaccination 1. The GMFRs in both studies were < 1 for all serotypes across the PCV13/PCV13 and PPSV23/PCV13 groups, except for serotype 6A for the PPSV23/PCV13 group in study 2, indicating numerically lower OPA GMTs at 1 year after vaccination 2 than at 1 month after vaccination 1 (Figure 1; Supplementary Tables 5-6 ).
OPA GMTs 1 year after vaccination 2 versus before vaccination 1. The GMFRs in both studies were > 1 for all serotypes across the PCV13/PCV13 and PPSV23/PCV13 groups, indicating numerically higher OPA GMTs at 1 year after vaccination 2 than before vaccination 1. For each serotype except serotype 5, the highest GMFRs were in the PCV13/PCV13 and PCV13/PPSV23 groups among the PPSV23-naive subjects (Figure 1; Supplementary Tables 7-8 ).
Safety
No AEs or SAEs were reported during the period between signing of the informed consent for the blood draw and when the blood draw was taken.
Discussion
ACIP recommends PCV13 and PPSV23 be administered in a series to immunocompetent adults ≥65 years of age who had Figure 1 . Serotype-specific OPA GMTs from all study time points from before the first vaccination through 1 year after the second vaccination. The first 3 points for each serotype correspond with data from study 1 10 and study 2.
11 Abbreviations: GMT = geometric mean titer; OPA = opsonophagocytic activity.
not previously received a pneumococcal vaccine, with PCV13 administered first followed by PPSV23 ≥1 year later. 9 This recommended vaccine order is based on studies demonstrating a better response to serotypes shared between both vaccines when PCV7 and PCV13 were given first; 9 both parent studies used for the current analysis support this recommendation. 10, 11 In parent study 1, PPSV23-naive adults 60 to 64 years old received PCV13 and PPSV23 in different sequential order at an interval of 1 year between doses. 10 An initial PCV13 dose increased the response to subsequent PPSV23 administration for many shared serotypes. In contrast, an initial PPSV23 dose diminished antibody responses to subsequent PCV13 administration for all serotypes. 10 With a relatively short 1-year interval between doses, antibody responses after a second vaccination with PCV13 (PCV13/ PCV13) or PPSV23 (PCV13/PPSV23) were noninferior for the majority of serotypes compared with the initial PCV13 dose, but were not improved with a subsequent dose. However, a longer interval of 3.5 to 4 years between vaccine administrations demonstrated significantly higher antibody responses after PCV13/PPSV23 for most of the common serotypes than those observed after an initial dose of PPSV23 or PCV13.
12 Antibody responses to a second dose of PCV13 were comparable to initial PCV13 responses and significantly higher for many of the serotypes. These observations are reflected in the ACIP recommendation that longer intervals (ie, ≥ 1 year) may lead to improved immune responses against serotypes in both vaccines compared with an initial dose of PCV13 or PPSV23. 9 In parent study 2, adults ≥ 70 years who received PPSV23 ≥ 5 years before study entry were vaccinated with PCV13 or PPSV23. 11 Subjects received an additional PCV13 dose 1 year later. Antibody responses were significantly higher after PCV13 than PPSV23 administration for most serotypes. Additionally, antibody responses to a second dose of PCV13 resulted in responses similar to those after the first dose, indicating that receipt of a first PCV13 dose does not negatively influence the ability to respond to a subsequent dose. In contrast, responses to PCV13 administered after PPSV23 were significantly lower for all 13 serotypes compared with the initial PCV13 dose, indicating that PPSV23 diminished the response to subsequent PCV13 vaccination.
11
In the current analyses, antibody levels 1 year after the second vaccine administration declined from the peak levels observed 1 month after the first and 1 month after the second vaccine administration, as expected. Antibody levels were similar or numerically higher 1 year after vaccination 2 compared to 1 year after vaccination 1 for most serotypes across the vaccine sequences in both studies. For all serotypes and vaccine sequences, antibody levels remained numerically higher 1 year after vaccination 2 than at baseline (before vaccination 1). Comparisons of antibody levels among the 3 treatment sequences showed functional antibody for almost all serotypes at 1 year after vaccination 2 in both studies were numerically higher in adults who received PCV13 first (PCV13/PCV13 and PCV13/PPSV23) than in adults who received PPSV23 first (PPSV23/PCV13). These results were consistent with the results seen 1 month after vaccination 2 in the parent studies.
The current analysis demonstrates the persistence of effects of the first vaccine on the responses to the second vaccine in the sequence. The parent study in PPSV23-naive adults demonstrated that PCV13 does not impair the antibody responses to subsequent PPSV23 vaccination but rather improves the antibody response to PPSV23; 10 the current study indicates these improvements persist for at least 1 year. In contrast, the negative effect of PPSV23 on subsequent PCV13 in the parent study also persisted for at least 1 year. The enhanced antibody response to a second dose of PCV13 was not generally observed in PPSV23-naive adults 1 month after the second vaccination in the parent study. 10 The short interval of 1 year between dose administrations may be a reason for this observation. A lack of a consistent booster response when using intervals of 3 months to 1 year between pneumococcal conjugate vaccine and PPSV23 vaccine doses has been described earlier. [13] [14] [15] Responses to a second dose of PCV13 with a longer interval of 3.5 to 4 years between vaccine administrations have shown generally at least comparable responses to initial PCV13 responses and statistically significantly higher responses for many serotypes, 12 indicating that the interval between vaccine administrations may be critical to obtaining an optimal immunological effect of the conjugated vaccine. The PCV13 OPA responses 1 year later in this study suggest that the second dose induced a durable response. Similarly, in PPSV23-preimmunized adults, OPA responses showed durability of the boosted response observed 1 month after the second vaccination. This is the first study to assess the persistence of antibodies 1 year after a second pneumococcal vaccine administration. Potential limitations of this study include the period of evaluation, which was not continued beyond 1 year after the second vaccine administration, and the descriptive nature of the study as there were too many comparisons to meaningfully calculate p-values. A notable strength of this study was the large number of subjects in each group returning for evaluation at 1 year.
The data from this study confirm the conclusion from the parent studies that in PPSV23-naive and PPSV23-preimmunized adults, PCV13 should be given first if both vaccines are to be given; higher immune response were achieved when PCV13 was given first and immunity persisted at least 1 year after administration of vaccine sequences.
Patients and methods
Study design and population
This phase 3 study evaluated antibody persistence after PCV13 vaccination in 962 healthy adults who completed 2 parent studies 10, 11 ; subjects received either 2 doses of PCV13 or PCV13 and PPSV23 in different sequential order. Subjects in study 1 were 60 to 64 years of age at enrollment, naive to pneumococcal vaccine, and received either PCV13 at year 0 and 1 (PCV13/PCV13), PCV13 at year 0 and PPSV23 at year 1 (PCV13/PPSV23), or PPSV23 at year 0 and PCV13 at year 1 (PPSV23/PCV13; Supplementary Figure 1) . 10 Subjects in study 2 were ≥ 70 years of age at enrollment and received 1 dose of PPSV23 ≥ 5 years before enrollment [ie, PCV13 at year 0 and 1 (PCV13/PCV13) or PPSV23 at year 0 and PCV13 at year 1 (PPSV23/PCV13; Supplementary Figure 1) . 11 Blood samples were collected 351 to 420 days after the last vaccination in studies 1 and 2. No vaccine was administered in the current study. Vaccine administration and key inclusion and exclusion criteria have been previously described. 10, 11 Participants provided written informed consent. The study was conducted in accordance with the International Conference on Harmonisation Good Clinical Practice guidelines and the Declaration of Helsinki; the protocol was approved by the institutional review board or independent ethics committee at each site.
Study objectives
The primary objective was to evaluate antibody levels 1 year after vaccination 2 in the parent studies as measured by serotype-specific OPA geometric mean titers (GMTs) using descriptive statistics only. Secondary objectives included comparison of OPA GMTs 1 year after vaccination 2 among the 3 vaccine sequences in PPSV23-naive adults and the evaluation of antibody persistence 1 year after vaccination 2 compared with all prior antibody responses 1 year after vaccination 1.
Analysis populations, immunogenicity assessments, safety evaluations
The all-available immunogenicity population consisted of subjects with valid and determinate assay results related to the proposed analysis who received both vaccinations in the parent studies. The methodology for determination of OPA titers was previously described. 10, 11 Adverse events (AEs) and serious AEs (SAEs) were recorded from the signing of the informed consent for the blood draw (1 year after the second vaccination) to the completion of the blood draw.
Statistical analysis
There was no formal sample size calculation performed. The sample size of this study was based on the number of potentially eligible subjects from the 2 parent studies who were willing to participate in the follow on study. Approximately 1000 subjects who had completed either of the 2 studies were enrolled in the study and had a blood sample obtained. All immunogenicity data were summarized descriptively.
Serotype-specific OPA titers were logarithmically transformed for analysis. Two-sided 95% CIs for the OPA GMTs were constructed by back transforming the two-sided 95% CIs for the mean logarithm of the titers.
OPA GMTs and two-sided 95% CIs at 1 year after the second vaccination were constructed for each vaccine sequence group in the parent studies. Comparison of OPA GMTs between the vaccine sequence groups at 1 year after the second vaccination were based on the GMT ratios and the corresponding two-sided 95% CIs that were constructed using similar methods. Additionally, similar comparisons of OPA GMTs between a vaccine sequence group at 1 year after the second vaccination and either the same or a different vaccine sequence group at 1 year after the first vaccination were made based on the GMT ratio and corresponding two-sided 95% CIs.
Geometric mean fold rises (GMFRs) and corresponding two-sided 95% CIs were constructed to assess the change in antibody levels 1 year after the second vaccination relative to 4 time points (1 month after the second vaccination, before the second vaccination, 1 month after the first vaccination, and before the first vaccination) using the ratio of OPA titers between the 2 time points of interest for each subject based on logarithmically transformed assay results.
GMTs of one vaccine sequence group were considered statistically significantly higher than another group if the lower limit of the 2-sided 95% CI for the GMT ratio (or GMFR) was > 1. GMTs of one vaccine sequence were considered statistically significantly lower than another if the upper limit of the 2-sided 95% CI for the GMT ratio (or GMFR) was < 1.
